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CIBSTRCICT 

T h i s  r e p o r t  p r e s e n t s  the d e s i g n  of  a n  unmanned, s p a c e -  

b a s e d ,  r e u s a b l e  O r b i t a l  T r a n s f e r  V e h i c l e  ( O T V ) .  T h i s  OTV 

w i l l  b e  u t i l i z e d  f o r  t h e  d e l i v e r y  and r e t r i e v a l  of 

satell i tes f rom g e o s y n c h r o n o u s  e a r t h  o r b i t  (GEO) i n  

c o n j u n c t i o n  w i t h  a s p a c e  s t a t i o n  assumed t o  be i n  e x i s t e n c e  

i n  l o w  e a r t h  o r b i t  (LED). The t r a d e  a n a l y s i s  u s e d  to 

d e t e r m i n e  t h e  v e h i c l e  d e s i g n  is p r e s e n t e d ,  and f rom t h i s  

s t u d y  a v e h i c l e  d e f i n i t i o n  is g i v e n .  
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An Orbital Transfer Vehicle (OTV) is currently under 

development by the National Aeronautics and Space 

Administration to expand the Space Transportation System 

(STS) in the 1990's. This spacecraft should significantly 

increase payload capacity beyond the Inertial Upper Stage 

(IUS) through the use of cryogenic propellants. Cryogenic 

propulsion can provide low acceleration to very large, 

delicate spacecraft and ha5 a 50% higher performance than 

501idS or space-storable liquid fuels. 

The UTV would allow round-trip capability in which the 

OTV returns empty or delivers a payload to the space 

station. This reusability and high performance o-f the 

vehicle make the OTV more cost effective than expendable 

solid propellant vehicles. 

This report outlines the mission profile of an unmanned 

OTV and describes the different components of an OTV design 

necessary to support that mission. Required trajectories 

and details of the aerobraking process will b e  included, as 

will the broader subjects of propulsion and structure. 

Avionics, which includes guidance and control, 

communication~, and electrical power distribution, will also 

be discussed. And finally, a cost analysis and time line 

for first OTV production will be described. 
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This OTV has been designed to meet the anticipated need 

of future satellite deployment and recovery, hence the name 

DARVES -- Delivery and Retrieval Vehicle for Earth Space. 

The trend in the development of satellites s e e m s  to indicate 

that future satellites will be heavier (1: 151) I Although at 

present the average satellite weighs only 3000-4000 lb, 

DARVES has been designed with the capability to carry as 

much a5 16,000 lb (from LEO t o  GEO) in order t o  continue to 

meet future demands. Since this vehicle will be space-based, 

the cost of repetitive delivery from earth t o  the space 

station will be eliminated. DARVES will be delivered, via 

the Space Shuttle, t o  the space station, where it will be 

assembled and then deployed. The vehicle will be refueled 

and malfunctioning modules will be replaced at the spamL 

s t a t i o n .  T h e r e f o r e ,  DARVES w i l l  o n l y  h a v e  to  b e  r e t u r n e d  t o  

earth for major repairs and/or overhauls. Some sample 

missions which may be performed by this vehicle are 

described below. 

MISSION 1: 
Payload from LEO to GEO (lb) 
Payload from GEO t o  LEO (lb) 
Propellant required (lb) 

MISSION 2: 
Payload from LEO to GEO (lb) 
Payload from GEO t o  LEO (lb) 
Propellant required (lb) 

maxi mum of 16000 
0 

46602 

0 
maximum of 18000 

47366 

2 
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MISSION 3: 
Payload from LEO to GEO (lb) 
Payload from GEO to LEO (lb) 
Propellant required (lb) 

MISSION 4: 
Payload from L E O  to GEO (lb) 
Payload from GEO to LEO (lb) 
Propellant required (lb) 

MISSIONZ: 
Payload from L E O  to GEO (lb) 
Payload from GEO to LEO (lb) 
Propellant required (lb) 

MISSION 6: 
Payload from LEO to GEO (lb) 
Payload from GEO to LEO (lb) 
Propellant required (lb) 

10000 
7000 

47304 

7000 
1 00QC) 
46891 

12000 
5000 

47578 

5000 
12000 
466 17 

Missions 3, 4,  5, and 6 are examples of dual missions 

(deployment and recovery). Similar missions can be 

performed as long as the propellant required does not exceed 

the propellant available. 

3 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

The nzve f r o m  LEO t o  GEO and back is a c c o m p l i s h e d  u s i n g  

a a i n i m i . i . r n  energy Hohmann Transfer  a b a u t  t h e  e a r t h .  The 

ti-arisfe;r i n v o l v e s  f o u r  major v e l o c i t y  c h a n g e s ,  or d e l t a  V ' S :  

~ h r e e  prop;rl s i  v e  a n d  o n e  a e r o b r a k i  ng. 1. 

F i r s t  d e l t a  v: From low z z - t h  o r b i t  a t  a n  a l t i t u d e  of  

311 m i l e s ,  t h e  OTV a n d  it5 p a y l o a d  g o  t h r o u g h  a p r o p u l s i v e  

delta v a t  the p o i n t  d e s i g n a t e d  t o  b e  t h e  p e r i g e e  of  t h e  

~iiiptical t r a n s f e r  o r b i t .  T h i s  f i r s t  v e l o c i t y  i n c r e a s e  

3 l l t . w ~  t h e  OTV t o  l e a v e  c i r c u l a r  LEG, r e q u i r i n g  a v e l o c i t y  

OS: a p p r o x i m a t e l y  17028 mph, and  to e n t e r  a n  e l l i p t i c a l  

t r a n s f e r -  o r b i t  w i t h  a v e l o c i t y  of 22329 mph. 

_ - .  

P-- aELund d e l t a  v: k f t e r  a p p r o x i m a t e l y  318 m i n u t e s  h a v e  

e l a p s e d ,  D A R V E S  r e a c h e s  t h e  a p a g e e  of i t5  t r a n s f e r  o r b i t ,  

r4hich is. a l so  t h e  e q u a t o r i a l ,  node ,  w i t h  a much-reduced 

veloci ty  of 364.3 mph. fit t h i s  p o i n t ,  a n o t h e r  propulsive 

d e l t a  v is r e q u i r e d .  T h i s  s e c o n d  c h a n g e  i n c r e a s e s  t h e  

velacity to 6379 mph and  the OTV e n t e r s  a c i rcular  o r b i t  a t  

GEO a l t l t -  cl 4- i t=' of 22230 m i l e s  a b o v e  t h e  e a r t h ' s  s u r f a c e .  

I n c l u d e d  i n  t h e  s e c o n d  d e l t a  v is t h e  n e c e s s a r y  p l a n e  

i n c l i n a t i o n  c h a n g e  f r o m  t h e  28.5" i n c l i n e d  LEO ts t h e  0" 

i r ; c l i n e d  GED. (See F i g .  1) !2:S> The h i g h e r  a l t i t u d e  a t  

w f i i  ch t h i  s c h a n g e  is acccrmpl i s h e d  r e d u c e s  t h e  p r o p e l  1 a n t  

r e q u i r e m e n t  b e c a u s e  of  t h e  l o w e r  c i r c u l a r  v e l o c i t y .  

T h i r d  delta>: A f t e r  t h e  13TV h a s  d e l i v e r e d  i t5  p a y l a a d  

4 
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and  pet-hsps r e t r i e v e d  a s e c o n d  p a y l o a d  t o  b r i n g  back  t o  LEO 

f a r  r e p a i r  or r e p l a c e m e n t ,  t h e  r e t u r n  t r i p  b e g i n s .  The 

third prDipi.ifSive d e l t a  v is s i m p l y  t h e  s e c o n d  d e l t a  v 

d e s c r i b e d  a b o v e  i n  r e v e r s e .  The amount of p r o p e l l a n t  

r e q u i r e d  f o r  t h i s  v e l o c i t y  c h a n g e  may b e  m o r e  or less t h a n  

t5s.t rrqu5.red by the sscond, d e p e n d i n g  on t h e  mass of any 

re tu rn  p a y l o a d .  

- 

F c r ~ r t h  d e l t a  v: The S o u r t h  de l t a  v is n o t  p r o p u l s i v e ,  

but r a t h s r  i s accomp? i s h e d  a e r o d y n a m i c a l  l y  u s i n g  t h e  

ae-&rake. A s  DGRVES e n t e r s  t h e  u p p e r  a t m o s p h e r e  of t h e  

e a r t h  kea i f ing  f a r  a p r e v i o u s l y  s p e c i f i e d  p e r i g e e  a l t i t u d e ,  

drag forces  a c t i n g  on t h e  b r a k e  t e n d  t o  s l o w  t h e  v e h i c l e  

dawn enough f o r  t h e  OTV t o  r e - e n t e r  LEO a t  t h e  n e c e s s a r y  

c i r c u l a r  v e l o c i t y .  The + o u r t h  v e l o c i t y  c h a n g e  is t h e  s a m e  

az. t h e  f i r s t  d e l t a  v d e s c r i b e d  o n l y  n o  p r o p e l l a n t  h a s  b e e n  

trsed t o  a c c o m p l i s h  i t .  Aga in ,  t h e  amount of p r o p e l l a n t  

zaved by u s i n g  t h e  a e r o b r a k e  d e p e n d s  o n  t h e  m a s s  of a n y  

r e t u r n  p a y l o a d  and t h e  m a 5 5  of t h e  t h e o r e t i c a l l y  ' idry ' '  DTV 

la s m a l l  r e s e r v e  of p r o p e l l a n t  may b e  p r e s e n t )  I 

C a l c u l a t i o n s :  The d e l t a  v c a l c u l a t i o n s  f o r  a s a m p l e  

m i s s i o n  w e r e  f o u n d  u s i n g  t h e  e q u a t i o n s  f o r  s a m p l e  t r a j e c t o r y  

a n a l y s i s .  A program w a s  d e v e l o p e d  t h a t  a l l o w s  o n e  t o  v a r y  

t h e  d r y  O W  m a s s ,  p a y l o a d  t o  be d e l i v e r e d ,  p a y l o a d  t o  b e  

r e t u r n e d ,  and  s p e c i f i c  i m p u l s e  o f  the e n g i n e .  The  program 

g i v e s  t h e  t o t a l  m a s s  of p r o p e l l a n t  r e q u i r e d  f o r  e a c h  

p a r t i c u l a r  scenario.  From a known m a s s  f l o w  rate (which  

c o u l d  a lso b e  e n t e r e d  as a v a r i a b l e ) ,  b u r n  t i m e s  f o r  e a c h  of  

c d 
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the t C j i e P  p r o p u l s i v e  d e l t a  v ' s  w e r e  a l so  c a l c u l a t e d .  The 

a i i t p u t  f o r  rsvera? proposed  m i s s i o n s  may b e  +mi-rnd i n  T a b l e  

1 which compares  the a l l  p r o p u l s i v e  m i s s i o n s  and the 

aei-aSt-s.ked m i s s i o n s .  N o t e  t h e  p a r t i c u l a r l y  d r a m a t i c  

r. p. p- u+L=LanC; p-. Fs =. ? 7 savings r e a l i z e d  by u s i n g  an a e r o b r a k e  i n  s o m e  o-f 

t he  returr! p a y l o a d   mission^.. T h i s  program w a s  crsed to 

d e t e r m i r i e  which c a n b i n a t i o n s  of: de!. i v e r e d / r e t u r n e d  p a y l o a d 5  

were p o 5 s i b i e .  
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AEHOBHAKE 

The role nf t h e  a e r o b r a k e  becomes p r o m i n e n t  i n  t h e  l a s t  

s tage  a+ t h e  m i s s i o n .  A f t e r  D A R V E S  r e t u r n s  f r a m  GEO i n  i ts 

e l l i p t i c a l  t r a n s f e r  o r b i t ,  i t  e n t e r s  t h e  u p p e r  r e g i o n  of t h e  

e a r t h ' 5  a t r n a r p h e r e ,  d e f i n e d  as t h a t  r e g i o n  a t  or be low 

a p p r o x i m a t e l y  1C)O n a u t i c a l  m i l e s ,  or 115 s t a t u t e  m i l e s  

....-.. t 7 .  152). The f n w  d e n s i t i e s  p r e s e n t  are Enough t o  create  

s i g n i f i c a n t  d r a g  f a r c e s  t h a t  slow t h e  v e h i c l e  down. An 

i m p o r t a n t  p a r - a n e t a -  a t  t h i s  pc t in t  is t h e  a e r o b r a k e ' s  

b a l l i s t i c  c o e ~ f i c i e n t , " b e t a " .  B e t a  is d e f i n e d  as  W/CDA, 

i .e. t h e  v e h i c l e  w e i g h t  d i v i d e d  by  t h e  d r a g  c o e f f i c i e n t  and  

a e r o b r a k e  area. I t  is t h e  b a l l i s t i c  c o e f f i c i e n t  which  

d e t e r m i n e s  t h e  p e r i g e e  a l t i t u d e  r e q u i r e d  f o r  a p a r t i c u l a r  

s e r a b r a k e  maneuver  s c e n a r i o ;  t h e  l o w e r  t h e  v a l u e  o f  be t a ,  

t h e  g r e a t e r  d r a g  f o r c e  c r e a t e d ,  t b =  h i g h e r  t h e  a l t i t u d e  

allowed +or- perigee, and the le55 a e r o t h e r m a l  heating on t h e  

OTV . 
S i z i n g . o f  t h e  aeratrake: A b a l l i s t i c  c o e f f i c i e n t  o f  

2-253 l b f / f t 2  w a s  set for t h i s  p a r t i c u l a r  d e s i g n  (2:4) and  

assumed c o n s t a n t .  The d r a g  c o e f f i c i e n t  w a s  d e t e r m i n e d  f r o m  

Newtonian  m e t h o d s  (4:681). A 70" half-angle c o n i c a l  b r a k e  

w a s  c h a s e n  because of  t h e  r e d u c e d  s u r f a c e  h e a t i n g  and  

f a v a r a h l e  a e r o d y n a m i c  s t a b i  1 i t y  o f  t h a t  g e o m e t r y  (2: 2) = 

Using  a d r y  15TV w e i g h t  of  7145 l b f  and  a r e t u r n  p a y l o a d  of 

5000 l b f ,  t h e  a e r o b r a k e  d i a m e t e r  w a 5  c a l c u l a t e d  t o  be 62.34 

7 
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f t .  T h i 5  d i a m e t e r  is l a r g e  enough t o  p r e v e n t  impingement  of 

t h e  wake f l o w  on  t h e  v e h i c l e  s u r f a c e .  

?hie O T V ' s  c e n t e r  of p r e s s u r e  w a s  c a l c u l a t e d  u s i n g  t h e  

g E o m e t r y  of  the aerobrake and focrnd to be 5.4?3 f t  o f f  t h e  

b a d y  i n  frcrrt a+ t h e  p a y l a a d ,  t h e r e b y  i n s u r i n g  s t a b i l i t y  of  

t h e  OTV. 

& e r a b r a k e  maneuver  : M u 1  t i p l e  pa55 a e r o b r a k e  maneuver s  

a r e  a compromis.e be tween r e d u c e d  h e a t i n g  l o a d s  d u e  t o  l o w e r  

drag f w - c e s  and i n c r e a s e d  h e a t i n g  l o a d s  d l ; e  t o  l a n g e r  t a t a l  

:~.:issicm t i m e s .  M u l t i p l e  p a s s e s  a l l o w  t h e  OTV p e r i g e e  

a1 t i tc :de  t a  tie h i g h e r  t h a n  what  would b e  n e c e s s a r y  f o r  a 

s i n g l e  pas5, t h e r e b y  d e c r e a s i n g  f l i g h t  v e l o c i t i e s  of  

s u b s ~ q c t e n t  p a s s e s  arid c o n t r i b u t i n g  t o  r e d u c e d  t h e r m a l  

p r o t e c t i o n  s y s t e m  (TPS) r e q u i r e m e n t s  ( F i g u r e  lb). An 

i n c r e a s e  i n  t o t a l  t i m e  s p e n t  w i t h i n  t h e  a t m o s p h e r e  may add  

TPS r e q u i r e m e n t s  as w e l l  as a d d i n g  t o  t h e  t o t a l  m i s s i o n  

time. 

M o d i f i c a t i o n s  w e r e  made t u  a n  e x i s t i n g  p rogram,  w r i t t e n  

by t h e  Mars ClTV s e n i o r  d e s i g n  g r o u p ,  which a n a l y z e d  a n  

a e r - a b r a k i n g  maneuver t h r o u g h  t h e  M a r t i a n  a t m o s p h e r e ,  i n  

m-der t o  a n a l y z e  s u c h  a maneuver  t h r o u g h  t h e  a t m o s p h e r e  of 

t h e  e a r t h .  Given  a p a r t i c u l a r  p e r i g e e  a l t i t u d e ,  d e n s i t y ,  

ar?d r e t u r n  m a s s  of t h e  OTV, t h e  p rogram g i v e s  t h e  number o f  

pasze.5 r e q u i r e d  t o  r e a c h  t h e  d e s i r e d  a p o g e e  a t  LEO. Drag 

f o r c e s  and t i m e  s p e n t  w i t h i n  t h e  a t m o s p h e r e  are a l so  

e s k i m a t e d ,  bi;t t h e  t h e o r y  b e h i n d  such c a l c u l a t i o n s  is 

o v e r s i m p l i f i e d .  However, t h e  g e n e r a l  t r e n d s  are 

8 
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- -  . = i q n i i i c a n t .  G s  t h e  p e r i g e e  a l t i t u d e  is i n c r e a s e d ,  t h e  

nc:.mber of pa55es r e q u i r e d  is inc reac . ed ;  d r a g  f o r c e s  d e c r e a s e  

w h i l e  p a s s a g e  t i m e s  w i t h i n  t h e  a t m o s p h e r e  i n c r e a s e  w i t h  

s u c c ~ e d i  ng parses. Even a f t e r  s e v e r a l  parses, LEO a1 ti  t u d e  

m a y  n o t  b e  e x a c t l y  r e a c h e d ,  and  a s m a l l  d e l t a  v m a y  b e  

r e q i i r - e d  t o  r a i r e  or l o w e r  the a p o g e e  a l t i t u d e  and  a n u t h e r  

t c r  c i r c t !Ps i~ ize  t h e  f i n a l  o r b i t  a t  p e r i g e e .  The  fc ie l  

r e q u i r e d  f o r  a d d i t i o n a l  d e l t a  v ' s  wmild b e  of much s m a l l e r  

magrti t t tde titari t h e  d e l t a  v ' s  r e q u i r e d  by t h e  b a s i c  Hohrrrann 

T r a n s f e r  s i n c e  s u c h  " f i n e  t u n i n g "  of t h e  o r b i t  is n o t  i n  t h e  

samp cafegm-y as t h e  m a j a r  o r b i t  c h a n g e s  p r e v i o u s l y  

d e s c r i b e d .  M u l t i p l e  p a s s e s  may or may riot be a n  a d v a n t a g e ,  

d e p e n d i n g  mi t h e  t i m e  l i m i t s  of  t h e  m i s s i o n .  

Thermal  P r o t e c t i o n  S y s t e m  : A t h e r m a l  p r o t e c t i o n  

c , . j s t e m  ic. r e q u i r e d  t o  combat  i n c i d e n t  r a c i i a t i v e  a n d  

c o r ; v e c t i v e  heat f l u x e s  and  l o a d s .  The g u i d e l i n e s  i n  

c h a a s i n g  s u c h  a s y s t e m  are r e u s a b i l  i t y ,  c u r r e n t  1::nowledge of  

mater ia l  f a b r i c a t i o n  and  a p p l i c a b i l i t y ,  and  p r a v e n  h e a t  

p r d e c t i c r n  c a p a b i l i t y  +or t h e  m a g n i t u d e  a n d  d u r a t i o n  of t h e  

p r e d i c t e d  h e a t  f l u x e s  and  l o a d s  (5:275). The w o r s t  case 

h e a t i n g  c o n d i t i o n  o c c u r s  d u r i n g  t h e  f i r s t  p a s s  of m u l t i p l e  

p a 5 5  cases, b u t  t h e  u s e  of m u l t i p l e  p a s s e s  is h i g h l y  

b e n e f i c i a l  i n  r e d u c i n g  r a d i a t i v e  f l u x .  

T h e  d e v e l o p m e n t  o f  a s u i t a b l e  t h e r m a l  p r o t e c t i o n  s y s t e m  

has b e e n  s t u d i e d  and  p ronounced  f e a s i b l e ,  b u t  d e t a i  1s are 

n o t  i n c l u d e d  i n  t h i s  r e p o r t .  The r e a d e r  is r e f e r r e d  t o  

H e + ~ r e n c e s  2 ,  5, 6, a n d  7 f o r  m a r e  i n f o r m a t i o n .  

9 
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F'ROPULSION 

When considering the propulsion system to be  used in a 

new vehicle, one must consider several variables: the 

;;umber of engines, the engine configuration, the type crf 

e n g i n e ,  and the propellants. 

Ni-imbw- af  enqines: For the purpose nf the unmanned 

OTV, man-rating is unnecessary; therefore, multiple engines 

wclufd be advantageous only for the purpose of reliability 

an i  life cycle i e n g t h  (8:l-Z)- In order for multiple 

fnqines to increase reliability, the system must have 

e n g i n e - o u t  capability, which would require the use of 

g i n b a l s  on all Engines to align the thr.ust axis through the 

center of mass. Although the reliability is not as high: a 

s i n g l e  engine dues not require the additional weight and 

complexity of gimbals. A single redundant-type engine (with 

si i components dirpl icated except far the thrust chamber) was 

originally considered for this vehicle to combine the 

simplicity of  a single engine with the increased reliability 

and life cycle of a multiple-engine system. After further 

conrideration, however, it was determined that thr 

disadvantage of the additional weight and maintenance of the 

redur.rdant ~.ystem would be more significant than the 

advantages of having such a system. For these reasons, a 

rinple single engine w a 5  chosen for this OTV. 

1 0 
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i s  ta mo:_int t h e  e n g i n e  a t  t h e  o p p o s i t e  end of  t h e  v e h i t l ~  

e n g i n e  would be xmtunted a l o n g  t h e  c e n t r o i d  a x i s  of  t he  

.:& i 5 LE- =a t h a t  p i v a t i f i g  af  t h e  n o z z l e  is u n n e c e s s a r y  t o  

m a i n t a i r ;  s t a b i l i t y .  The l a t t e r  c o n f i g u r a t i o n  wauld r e q u i r e  

the p a y f n a d  tc be loaded w i t h i n  t h e  s t r u c t u r e  of t h e  

v e h i c l e .  The paylrrad would t h e n  b e  l i m i t e d  i n  s i z e  and  

~ h s p p ,  and r o b o t i c s  wairld b e  req;i.ired t o  l o a d  a n d  u n l o a d  the 

pay1 oar: = The f i r s t  c a n f  i q t ; r a t i o n  was c h o s e n  because i t  

a';fows t k i E  v e h i c l e  t a  be compac t ,  w i t h  m o s t  @f t h e  m a 5 5  of 

t h e  v~!-!i.=le c o n c e n t r a t e d  n e a r  t h e  aerclibrake s h i e l d .  With 

and u n l o a d e d .  T h e  s i z e  and  shape of t h e  p a y l o a d   ill be 

l i m i t e d  only by t h e  h c t  wake b e h i n d  t h e  a e r o b r a k e ,  and the 

rrras5 w i l l  be l i m i t e d  o n l y  by the amount 5 f  f u e l  a v a i l a b l e .  

Type o f - e n c i i r i ~ :  k c c u r d i n g  t o  a NASA-sponsored s t ~ r d y ,  

l \ lASA-2898'3 (9: l), a n  DTV e n g i n e  s h o u l d  h a v e  the f o l l o w i n g  

c h a r a c t e r i s t i c s :  

* Expander c y c l e  w i t h  LO2 and LH7 
* E n g i n e  t h r u s t  of 15000 l b  a t  a m i x t u r e  r a t i o  of $:1 
* I n s t a l l e d  l e n g t h  ( r e t r a c t e d  n o z z l e )  less t h a n  or 

* M i x t u r e  r a t i o  r a n g e  of 6:l t o  7:1 
* L i f e  ( c y c l e s / h r s )  g r e a t e r  t h a n  or e q u a l  t o  30fi/10 
* 2 - p o 5 i t i o n 7  c o n t o u r e d  bell n o z z l e  

equal t o  6Cl  i n .  

1 1  
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R o r k e t d y n e ’ s  RS-44 w a s  c h o s e n  as t h e  e n g i n e  f a r  t h i c .  

OTV b e c a i ~ s e  i t  m e e t s  t h e s e  r e q i i i  r e m e n t s  f 10: 3-41 and 

a c c z r d i f i ~  to a v a i l a b l e  l i t e r a t u r e ,  a p p e a r s  t c ?  be t h e  m a 5 t  

d e v p l o p e d  e n g i n e  of  its t y p e  ( F i g .  2 ) .  An i n c r e a s e d  Iap 

<48? sec) and a d e c r e a s e d  w e i g h t  (“530 l b )  are t w o  h i g h l y  

d e z i  r a E i  e c a n s e q u e n c e c  0-F t h e  RS-44 b e i n g  an e x p a n d e r  c y c l e  

e n  i R e . 
. -  

-. {ne e x t e n d a b l e  n ~ z r l e  a l so  h e l p s  t o  i n c r e a s e  t h e  Isp by 

a,l Iciwing a h i g h e r  c o m b u s t i n n  chamber  p r e s s u r e .  

U n f c r t u n a t e i y ,  t h e r e  a r e  c o m p l i c a t i o n s  t h a t  ar ise  f r o m  ur,ing 

6. r et r a c t a. b L e .! ex t end  ab I e n a z z 1. e. 

zraneitver ‘;he e x t e n d e d  p o r t i o n  of  t h e  n a i i l e  m u s t  tie 

retracted, and  the o p e n i n g  i n  the a e r o b r a k e  s h i e l d  must  b e  

csvet-ed. A + t E r  t h e  a e r o b r a k e  maneuver ,  t h e  n o z z l e  w i l l  b e  

e x t e n d e d  a g a i n .  G mechanism w i l l  b e  r e q u i r e d  t h a t  c a n  

e x t e n d  t h e  n o z z l e ,  l o c k  i t  i n t o  p l a c e ,  a n d  re t ract  i t  as 

n e c e s s a r y .  The a v a i l a b l e  s o u r c e s  of  i n f o r m a t i o n  on  t h e  RS- 

44 a n d  u t h e r  e n g i n e s  of this t y p e  offer n o  e x p l a n a t i o n  of  

this mechanism or how i t  w i l l  o p e r a t e .  T h e r e f o r e ,  i t  is 

assumed t h a t  t h i s  p rob lem is still  b e i n g  s t u d i e d  a n d  t h a t  a 

s a t i s i a c t o r y  s o 1 c ; t i o n  h a s  n o t  y e t  been  r e a c h e d .  F a r  t h e  

p u r p o s e s  a f  t h i s  d e s i g n  p r o j e c t ,  a n  e s t i m a t e d  w e i g h t  of 1 0 0  

l b  has b e e n  added  t o  t h e  v e h i c l e  t c ?  a c c o u n t  f a r  t h e  p r e -  = e n c e  

of  t h e  mechanism. The mecharrism f a r  c o v e r i n g  t h e  a p e n i n g  i n  

t h e  a e r o b r a k e  s h i e l d  w i l l  b e  d i s c u s s e d  i n  t h e  S t r u c t u r e s  

Secti a n .  

Du r i r! g t h e  a er ob r a 1:: i n g 

O t h e r  s p e c i f i c a t i o n s  a f  t h e  R S - 4 4  are  as f o l l o w s  

12 
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* Chamber F r e z s u r e  of 1540 p s i s  
* Nccz1E area r a t i o  ( r e t r a c t e d )  of 225:l 
* Nozzie ares. r a t i a  ( e x t e n d e d )  of: &25:1 
* Leng th  ( n o z z l e  r e t r a c t e d )  of 60.M) i n .  
* L e n g t h  ( n o z z l e  e x t e n d e d )  of 117.03 i n .  
* T s n k  head i d l e  of 61 l b  a t  a m i x t u r e  r a t i o  o+ 2 . 9 ~ 1  * p.:-.- L,~,,~& i d l e  of 2505 f b  a t  5 m i x t u r e  r a t i o  of 4: 1 

Pt -mpe l l an ts :  45 ment ioned  a b o v e ,  t h e  RS-44 is a l i q u i d  

o:.:ygen/l, i q ~ i i  d hydrogen r o c k e t  e n g i n e .  The 1 i q u i d  o x y g e n  

tanl:: w i l l  be e l l i p t i c a l  w i t h  a volume of 572.1 f t 3  and h a l d  

41,03E;.2 lbm c r f  oxygen.  The hydrogen  tank w i l l  b e  s p h e r i c a l  

w i t h  a v c r i c t m e  of  1552.6 f t 3  and h o l d  6862.3 lbm of hycfrrngen. 

These t a n k s  w i l l  h a v e  t o  b e  k e p t  at c o n s t a n t  p r e s s u r e s  

during e n g i n e  b u r n  t o  e n s u r e  s t e a d y  f u e l  f l o w  t o  t h e  er;cjir;e. 

-.-. r h i s  p r e s s u r i z a t i o n  will b e  a c c o m p l i s h e d  u s i n g  n i t r o g e n  as a 

p r e s s u r i z i n g  g a s .  The n i t r o g e r ;  t a n k  w i l l  be s p h e r i c a l ,  w i t h  

a volume of 56.G5 f t 3  and  w i l l  i n i t i a l l y  tie h i g h l y  

p r e s s u r i z e d  t o  2205 p z i a .  The n i t r o g e n  w i l l  f l o w  t h r o u g h  

s e p a r a t e  r e g u l a t o r =  i n t o  t h e  oxygen t a n k  ar;d the  hydrogen  

tank. The=-= regulators wi 11 m a i n t a i n  constant p r e s s u r e s  i n  

the p r a p e l l a n t  tanks  e v e n  t h o u g h  t h e  p r e s s u r e  i n  t h e  

n i t r o g e n  t a n k  w i  11 b e  d e c r e a s i n g .  

S i n c e  D A R V E S  is s p a c e - b a s e d ,  s t o r a g e  a n d  t r a n s d e r  o f  

p r o p e l l a n t s  w i l l  take p l a c e  a t  t h e  space s t a t i o n  or p o s s i b l y  

at a r e f c ; e l i n g  s t a t i o n  i n  t h e  same o r b i t  a5 t h e  s p a c e  

s t a t i o n .  F u r t h e r  s t u d y  must  b e  d o n e ,  however ,  t o  d e v e l o p  

t h e  t e c h n o l o g y  needed f o r  t h e  safe s t o r a g e  and  t r a n s f e r  o f  

c r y o g e n i c  p r o p e l l a n t s  i n  s p a c e .  (11: 105) 

13 
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AVIONICS MODULE 

The a v i o n i c s  module for  DARVES i n c l u d e s  a l l  g u i d a n c e ,  

n a v i g a t i o n ,  and c o n t r o l ,  as  w e l l  as communica t ions  and power 

s y s t e m s  n e c e s s a r y  t o  e n s u r e  m i  ssi on accompl i shment  . Thi 5 

module w i l l  b e  a n a l y z e d  a c c o r d i n g  t o  t h e  O T V ' s  m i s s i o n  

c a p a b i l i t i e s  and  r e q u i r e m e n t s .  The a v i o n i c s  module is 14 f t  

i n  d i a m e t e r  by 4 f t  i n  l e n g t h  and we ighs  a p p r o x i m a t e l y  1000 

lbc,. I t  is compr i sed  of t h r e e  " b l a c k  boxes"  which are 

a r r a n g e d  i n  t h e  module as  shown i n  F i g u r e  3. The s y s t e m s  

d i s c u s s e d  h e r e i n  are d e s i g n e d  t o  s u p p o r t  a total  m i s s i o n  

t i m e  of a p p r o x i m a t e l y  t w o  days .  

Guidance .  n a v i q a t i o n .  and c o n t r u l  (GNC):  T h i s  p o r t i o n  

of  t h e  a v i o n i c s  s y s t e m  c o n t a i n s  c o m p u t e r s  programmed f o r  

a t t i t u d e  c o n t r o l  and  n a v i g a t i o n .  The OTV must s u c c e s s f u l l y  

n a v i g a t e  t o  satel l i te ,  GEO, and  back  t o  t h e  space c, taLion 

w i t h o u t  incident. 

The a t t i t u d e  c o n t r o l  s y s t e m  of  a s p a c e c r a f t  m a i n t a i n s  

t h e  s p a c e c r a f t  w i t h i n  a l l o w a b l e  s a f e t y  l i m i t s .  The b l o c k  

d i a g r a m  of  a n  a t t i t u d e  c o n t r o l  s y s t e m  is shown i n  F i g u r e  4 

(1:162). The b a s i c  e l e m e n t s  of  t h i s  s y s t e m  are  s e n s o r s ,  

a c t u a t o r s ,  c o n t r o l  l a w s ,  and  d i s t u r b a n c e  t o r q u e s .  

S p a c e c r a f t  a t t i t u d e  dynamics  p r e d i c t s  t h e  mot ion  of  t h e  

s p a c e c r a f t  a s  a r e s u l t  of  d i s t u r b a n c e  and c o n t r o l  t o r q u e s  

are p r o v i d e d  by a c t u a t o r s ,  which i n  t h i s  case are t h r u s t e r s ,  

14 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

ORlGlNAL PAGE IS 
OF POOR QUALITY 

-!-L ; c DTL' a t t i t u d e  car!trol s y s t e m  c a n  b e  c l a s s i f i e d  as a 

t h r e e - a x i s  s t a b i l i z a t i o n  s y s t e m ,  i n  which t h e  e n t i r e  

--acecraft - b  i s  o r i e n t a t e d  t o w a r d  t h e  e a r t h .  The con t ro l  

torq12.e.r a l ~ n g  t h e  t h r e e  axes (yaw, p i t c h ,  r o l l )  ( l : l&l !  a re  

pr-ovided by a r e a c t i o n  con t ro l  e , y t . t e m  IRES) . The RES wi 11 

render t r a n s l a t i a r i a . :  and  rotatiz.;nal v e l o c i t y  c h a n g e s .  T h i s  

syztecii consists @+ t h r e e  modu les  of v e r n i e r  t h r u s t e r s ,  a l l  

a f t  of t h e  p a y l a a d  madi-ile and sach h a v i n g  its own monomethyl 

k y d r  a z i n ~  fue l  arid f i i t r o g e n  t e t r o x i d e  s t o r a g ~  s y s t e m .  The 

v e r n i e r  e i ;g ine  chosen f o r  t f - t i ~  m i s s i o n  is t h e  R-1E. Each 

r m c f ~ t 1  e ~ I Z L ~ S E . ~  f u u r  v e r n i  er t h r f i s t e r c , ,  c a p a b l e  of p r o v i d i n g  

25 p0~ii3d5 of t h r u s t .  Thus  t h e  RCS c a n  p r o v i d e  a to ta l  of 

2GCl ;r?:zc!ndr of t h r u s t  f o r  e a c h  a x e s '  c o n t r o l  t o r q u e s .  T h e s e  

tcrrqc;.is are a p p l i e d  t h r o u g h  t h e  t h r u s t e r s  which f i r e  b a s e d  

ET.;: d a t a  frcrrr; senc ,o r s .  The t h r u s t e r s  cause t h e  OTV t o  c h a n g e  

i ts - . . t . t i t i ide  when t h e  'iensors i n d i c a t e  t h e  error ra te  i n  yaw 

p i t c h  u r  r o l l  e x c e e d s  a c c e p t a b l e  l e v e l s ; .  O n e  t h r u s t e r  

module is mounted on e a c h  a x i s .  T h i s  RCS, modeled a f t e r  the 

Space S h u t t l e ' s ,  w a r  c h @ s e n  because i t  p r o v e d  t o  b e  m o r e  

advai!tageot-ts tihan a momentum wheel  s y s t e m  f o r  t h i s  CJTV 

d e s i g n  when taking s i z e ,  w e i g h t  and r e l i a b i l i t y  i n t o  

CGi-ISidSEitlOn I l la:20).  

A l o n g  w i t h  c c n t r o l  s y s t e m s ,  which g u i d e  t o  a p r e -  

programmed c o u r s e ,  the GNC s y s t e m  must  a l so  c o n t r o l  t h e  b u r n  

r a t e ,  m- i n i t i a t e  t h e  b u r n  when t h e  OTV a p p r o a c h e s  a p o g e e  

and  p e r i g e e  crf e l l i p t i c a l  t r a n s f e r  o r b i t s .  F u r t h e r m o r e ,  

t h i s  s y s t e m  w i l l  h a v e  t h e  c a p a b i l i t y  of i n i t i a t i n g  con t ro l s  

15 
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+ ic ?. keep  d r a ~  c ~ n ~ t - a n t  d i t r in r j  a e r o h r a k e  rr-,aneuver when the  OTV 

encoimters " d e n s i t y  p o c k e t s "  i n  t h e  a t m o s p h e r e .  fitti t u d e  

c ~ : n t r c l  is a c t u a l l y  a c h i e v e d  by  h a v i n g  t h e  cir-ag b r a k e  

r e v o l v e  zt-mtnd t he  h i n g e  p o i n t .  D i s p i a c e m e n t  i n  t h e  

p o z i t i o r !  cf the v e h i c l e  c a u s e s  a s h i f t  i n  t h e  c.p. l o c a t i a n ,  

prr,d:-:.ring a small motion atroii-i the yac.; axis and r e r s i t l t i n g  i n  

an a n g f e  ~f a t t a c k .  T h i s  p rc rv ides  a small lifting 

c a p a b i l i t y  to c o m p e n s a t e  f a r  t h e  u n p r e d i c t a b l e  c o m p o s i t i o n  

~f tk;e atrr:osphere s t r u c t u r e  ( 2 : 2 ! .  The GNC w i l l  s e n s e  force 

va;-iatior;s a n  t h e  a e r o b r a k e  and  activate t h e  d r a g  brake 

r sztstiim t o  cmtpenrsa te  for these c h a n g e s .  

A s  a n ~ a 5 u r e  of s a f e t y ,  t h e  s p a c e  s t a t i o n  w i l l  h a v e  t h e  

c a p a b i l i t y  t u  o v e r r i d e  t h e  c o n t r o l  ccmp;tter i n  case a# 

s m e r g e 2 c y .  A d d i t i o n a l  c a p a b i l i t i e s  of t h e  GNC w i l l  i n c l u d e  

e n v i r o n m e n t a l  con t ro l  which wi 11 be u s e d  t c s  moni t a r  t h e  

t e m p e r a t u r e  and o p e r a t i n g  p a r a m e t e r s  of t h e  a v i o n i c s  s e c t i o n  

r ? s e f f  !12:216), a n d  h e a l t h  m o r ; i t o r i n g  which  w i l l  be u5ed t o  

._rvet-see c. t h e  c o n d i t i o n s  of all OTV suSs.ystems. 

Wl-aer, d e r i g n i n g  t h e  GNC i t  is i m p o r t a n t  to e n s u r e  the 

s u b s y s t e m  is c o m p a t i b l e  w i t h ,  a n d  c a n  b e  l i n k e d  t o ,  t h e  

cammuni c a t i c n  s y s t e m s .  

Cammunica t ion  and  d a t a h a n d f i n s  s y s t e m  (CDH): The CDH 

syr ten w i l l  p r o v i d e  command a n d  d a t a  l i n k s  be tween  OTV and  

s p a c e  s t a t i o n  as w e l l  as  r e l a y  d a t a  p o c i t i a n ,  e tc . ,  t o  t h e  

s p a c e  s t a t i o n  (1: 175). T h i s  s y s t e m  w i l l  c o n t a i n  c o m p u t e r s ,  

r e c o r d e r s ,  m e a s u r i n g  e q u i p m e n t ,  a n t e n n a ,  a n d  a data tu.+ 
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which t i e s  the  e n t i r e  communication s~rb5ystem together. The 

communication system f o r  DARVES i s  s i m i l a r  t o  the one used 

on Mariner 4 except there w i l l  be no need f o r  varying the 

telemetry b i t  ra tes  (13:78) I The communication subsystem 

w i l l  cons is t  o f  a PCM/PM phase locked telemetry and 

commands. I t w i l l  operate on a t ransmi t t ing  frequency of 

2300 Mc and rece iv ing  frequency of 2300 Mc <12:26G). A wire 

antenna (13:78), 3 fee t  i n  diameter, w i l l  be mounted on the 

forward end of  the vehic le  fuselage t o  receive the  s ignal ,  

and transponders w i l l  ampl i fy and t rans la te  the  frequency of  

the  s ignal .  I n  add i t ion  t o  t ransmi t t ing  engineering and 

s c i e n t i f i c  data back t o  the space s ta t ion ,  the  communication 

subsystem m u s t  a1 ways car ry  commands from the  mission 

d i r e c t o r  to the  OTV (12:80). The mission d i r e c t o r  can 

remotely observe docking and/or de l i ve ry  a c t i v i t i e s  v i a  the  

use of  a video camera. The camera i s  located on the  forward 

end of  the  fuselage near the  payload docking module. A l l  

commuiii=ation systems m u s t  be compatible w i t h  the  t rack ing  

and guidance subsystem. 

E l e c t r i c  Power and d i s t r i b u t i o n :  The OTV, of course, 

needs power for  operation of i t 5  subsystems IGNC, CDH, 

computers). The power subsystem m u s t  a lso  meet power 

requirements t o  provide e l e c t r i c  spark t o  the  engine, 

extend/ret ract  n o i i l e ,  and operate cameras and docking 

mechanism dur ing payload attachment and detachment. The 

power requirements f o r  t he  OTV w i l l  be met using a f u e l  c e l l  

power p l a n t  (primary) and a ba t te ry  as a backup system. The 

17 
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f u e l  cell power p l a n t  w a s  c h o s e n  a s  a p r i m a r y  s y s t e m  o v e r  

t h e  b a t t e r y  b e c a u s e  t h e  b a t t e r y  s y s t e m ,  a l t h o u g h  t r i e d  and 

true, h a 5  l i m i t e d  c a p a b i l i t y ,  e s p e c i a l l y  w i t h  t h e  p r o j e c t e d  

g r a w t h  i n  pawer l e v e l s  and l i f e  e x p e c t a n c y  for o r b i t i n g  

s y s t e m s  (14:  157). The f u e l  cell  w a s  chosen  o v e r  a solar  

a r r a y  b e c a u s e  solar  p a n e l s  are i m p r a c t i c a l .  Dur ing  t h e  

a e r o b r a k i n g  p r o c e s s  a p a n e l  s t o r a g e  area would b e  needed .  

The f u e l  cell power p l a n t  w i l l  u 5 e  a l i g h t w e i g h t  H=/O= f u e l  

cel l  shown i n  F i g u r e  5. Fue l  ce l l s  a re  a d v a n t a g e o u s  f o r  

t h i s  OTV d e s i g n  b e c a u s e  t h e y  h a v e  l o n g  l i f e ,  h i g h  s p e c i f i c  

power,  r e l i a b i l i t y ,  m a i n t a i n a b i l i t y ,  and r e l a t i v e l y  l o w  cost 

(14: 1591. 

The f u e l  cel l  power p l a n t  is b a s e d  o n  bacon/hydrogen-  

oxygen t e c h n o l o g y  b u t  i n c o r p o r a t e s  a d v a n c e s  i n  material 

d e s i g n  C15:42-6). T h i s  power p l a n t  h a s  t h e  s a m e  b a s i c  d e s i g n  

a s  t h e  S h u t t l e  power p l a n t ,  e x c e p t  t h e  OTV power p l a n t  

u t i l i z e s  a new l i g h t w e i g h t  a l k a l i n e  f u e l  cel l  which w e i g h s  

41b/kw v e r s u s  8 lb /kw f o r  t h e  S h u t t l e  f u e l  cell (see F i g u r e  

6) (14: 164).  T h e  power p l a n t  c o n t a i n s  (14: 170) : 

* t w o  s t a c k s  of 32 cel ls  i n  series 
* Au/Pt c a t a l y z e d  e l e c t r o d e s  
* 0.5 mm (0.020") r e c o n s t i t u t e d  a s b e s t o s  m a t r i x  
* p l a s t i c  p l a t e d  s e p a r a t o r  p l a t e s  
* f i b e r g l a s s  epoxy f r a m e  material 

The o p e r a t i n g  c o n d i t i o n s  of t h e  power p l a n t  are: 

* 355 E (180°F) nominal  
* 4 a t m o s p h e r e s  of  p r e s s u r e  
* 27.5-32.5 v o l t s  
* 7 kW nominal  power r a t i n g  

The p roposed  f u e l  cell power s e c t i o n  is c a p a b l e  of 

s u p p l y i n g  12 kW a t  p e a k ,  which c o r r e s p o n d s  ta 27.5 V and 436 

18 
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A, and 7 kW average power; a t  2 kW the  power p lan t  provides 

32.5 V and 61.5 A (15:42-6) I The power p lan t  w i l l  be housed 

i n  much the  same manner as the  Shut t le  power p lan t ,  but  due 

t o  the l igh twe igh t  f u e l  c e l l s  being used, w i l l  weigh only  

57.16 kg (126 l b )  versus 91 kg f o r  the  Shut t le  power p lant ,  

whi le prov id ing the  same amount of average power (Vol. 11, 

p.23). Hydrogen and oxygen, stored cryogenical ly,  are 

del ivered t o  each f u e l  c e l l .  On a two day mission, the 

power p lan t  i s  estimated t o  use about 300 kg of  H2 and O,, 

wi th  about 400 L of water being produced. This power p lan t  

must be serviced between missions and reused u n t i l  i t  ha5 

accumulated 2500 hours on l i n e  service (15:42-6). I n  the 

event t h a t  t h i s  system somehow f a i l s  on mission, the  

avionics module w i l l  contain a ba t te ry  back-up system. This 

ba t te ry  w i l l  be a small secondary Ni/Cd ba t te ry  and w i l l  

have a long cyc le and calendar l i f e .  

The e n t i r e  av ion ics system module w i l l  be insu lated f o r  

thermal p ro tec t ion  of the module. 
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The i n i t i a l  c o n f i g u r a t i o n  c o n s i d e r e d  i n  t h e  o r i g i n a l  

d e s i g n  p r o p o s a l  was of modular  c o n s t r u c t i o n  c o n s i s t i n g  of 

t h e  f o l l a w i n g  modules: p a y l o a d ,  e l e c t r o n i c s  and  c o n t r o l ,  

p r o p e l l a n t  t a n k s ,  p r o p u l s i o n ,  and a e r a b r a k e .  Modules w e r e  

c o n n e c t e d  t h r o u g h  n o d e s  t o  b e  removed and r e p l a c e d  a5 

needed .  The p a y l o a d  w a s  l o c a t e d  a t  t h e  f r o n t  of t h e  OTV and 

w a s  c o n n e c t e d  t o  t h e  e l e c t r o n i c s  and c o n t r o l  module. The 

e lectronics  and  c o n t r o l  module w a s  t h e n  c o n n e c t e d  t o  t h e  

p r o p e l l a n t  t a n k  module,  which c o n s i s t e d  of t w o  t o r i s p h e r i c a l  

p r o p e l l a n t  t a n k s  c o n n e c t e d  by a t r u s s  s t r u c t u r e .  T h i s  t r u s s  

w a s  t h e n  c o n n e c t e d  t a  t h e  e n g i n e  module. And f i n a l l y ,  t h e  

e n g i n e  module c o n n e c t e d  t o  t h e  aerobrake. Much of  t h e  

o r i g i n a l  s t r u c t u r e  w a 5  t o  be c o n s t r u c t e d  of c o m p o s i t e  

m a t e - i d s  ( F i g u r e  7). 

Further c o n s i d e r a t i o n  h a s  been  g i v e n  to t h e  d e s i g n  of 

t h e  s p a c e c r a f t  and  s e v e r a l  d i s a d v a n t a g e s  h a v e  been  found .  

Due t o  p o s s i b l e  f l o w  impingement  d u r i n g  a e r o b r a k i n q ,  t h e  

p o s i t i o n  a f  t h e  e l e c t r o n i c s  and  c o n t r o l  module a t  t h e  f r o n t  

o f  t h e  s t r u c t u r e  w a 5  n o t  p r a c t i c a l .  The t o r i s p h e r i c a l  

p r o p e l l a n t  t a n k s  d i d  n o t  a l l o w  for  s u f f i c i e n t  p r o p e l l a n t  

c a p a c i t y .  And f i n a l l y ,  t h e  u s e  of  c o m p o s i t e  materials h a 5  

been  r u l e d  o u t  d u e  t o  s t u d i e s  which h a v e  shown d e g r a d a t i o n  

o f  c o m p o s i t e s  upon e x p o s u r e  t o  t h e  h a r s h  s p a c e  e n v i r o n m e n t  

and  b e c a u s e  of t h e i r  l owered  p e r f o r m a n c e  a t  c r y o g e n i c  

20 
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t emper a t u r  es . 
S e v e r a l  a l t e r n a t i v e s  f o r  t h e  OTV c o n f i g u r a t i o n  h a v e  

been c o n s i d e r e d .  The f i r s t  c o n f i g u r a t i o n  c o n s i s t e d  of  a 

s i n g l e  l a r g e  s p h e r i c a l  o x i d i z e r  t a n k  and  s i x  s m a l l e r  f u e l  

t a n k s  l o c a t e d  s y m m e t r i c a l l y  a b o u t  t h e  o x i d i z e r  t a n k .  The 

t a n k s  w e r e  t o  b e  c o n n e c t e d  t h r o u g h  a c o m p o s i t e  t r u s s  

s t r u c t u r e  ( F i g u r e  8 ) .  Fenef its of t h i s  c o n f i g u r a t i o n  w e r e  

t h e  movement o f  t h e  v e h i c l e ' s  c e n t e r  of  g r a v i t y  closer t o  

t h e  a e r o b r a k e  and t h e  r e d u c t i o n  of f l o w  impingement  on 

v e h i c l e  components .  The c o m p l e x i t y  of t h i s  d e s i g n  and t h e  

l a r g e  d r y  w e i g h t  of  t h e  v e h i c l e  n e c e s s i t a t e d  f u r t h e r  s t u d y  

and a new v e h i c l e  d e s i g n .  

The n e x t  d e s i g n  c o n s i d e r e d  c o n s i s t e d  of  s p h e r i c a l  f u e l  

and  o x i d i z e r  t a n k s  c o n n e c t e d  t o  e a c h  o t h e r  t h r o u g h  a t r u s s  

s t r u c t u r e .  T h i s  d e s i g n  u t i l i z e d  t h e  p r o p e l l a n t  t a n k s  a s  

l o a d  c a r r y i n g  members; u n f o r t u n a t e l y ,  t h e s e  l o a d s  i n c r e a s e d  

t h e  t a n k  w e i g h t s  s e v e r e l y .  A l s o ,  t h e  c e n t e r  of g r a v i t y  

l o c a t i o n  w a s  n o t  f a v o r a b l e .  A semi-monocoque s t r u c t u r e  

c o n s i s t i n g  of t w o  c y l i n d r i c a l  s e c t i a n s  of d i f f e r i n g  

d i a m e t e r s  w a s  d e c i d e d  upon t o  h o u s e  t h e  t w o  p r o p e l l a n t  t a n k s  

( F i g u r e  ? I .  But  t h i s  d e s i g n  d i d  n o t  m a k e  o p t i m a l  use of t h e  

volume a v a i l a b l e .  

The c o n f i g u r a t i o n  which w a s  f i n a l l y  c h o s e n  c o n s i s t e d  of  

a s p h e r i c a l  f u e l  t a n k  and a n  e l l i p t i c a l  o x i d i z e r  t a n k  housed  

i n  a cy1  i n d r i  cal s e m i  -monocoque s t r u c t u r e  of c o n s t a n t  

r a d i u s .  The components  of t h e  v e h i c l e  w i l l  now b e  d i s c u s s e d  

s e p a r a t e l y .  
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&? --_____ aaciidoct::i r&: The pay1 Gad and  ducki ng mctdcif e i e, 

d e s i g n e d  .For t h e  secure a t t a c h m e n t  arid d e t a c h m e n t  s+ 

pa' : ;?osds t f i r o u g h  t he  use of r e m o t e l y - o p e r a t e d  l o c k i n g  

m e c i - t m i  smc.. Detachmei-tt af the pay1 sad w o u !  d b e  accDmpl i s h e d  

thrcugh the ~(5.e o f  .s spring loaded d e v i c e  t o  s a f e l y  s e p a r a t e  

t h e  CfTV f r o m  t h e  paylc?ad. T h e  design l o a d  is a p p r o x i m a t e l y  

3 2  I 000 1 bs  cal c c t l  a t 4  f r a m  t h e  ma>: i mum accelerat ion of 4 

g ' 5  t h a t  a r e t w - R  p a y l o a d  D.+ 5,i:!CiO l b s  would e x p e r i e n c e  

dur i rig t h e  a - e r o b r a k i  no manuever .  T h e  rnodcil e ccrnsi sts o-F a 

.--,?Ler P9Fi+ l o c k i n g  s e r t i o n  w h i c h  carries t h e  m a j o r i t y  c r f  t h e  

payicrad +'orcer. The p a y l ~ a d  is s t a b i l i z e d  by f u u r  b r a c e s  

l o c a t e d  a n  t h e  p e r i p h e r y  sf t h e  d o c k i n g  module.  The module 

iz. c o n s t r u c t e d  of aluminum 7t37fj Tb.  The a p p r o x i m a t e  m a 5 5  of 

t h e  module  is 330 Ibm. The p a y l o a d s  t o  b e  t r a n s f e r r e d  by  

t h p  OTV would h a v e  a s t a n d a r d  d o c k i n g  i n t e r f a c e  t o  assure 

p r o p e r  a t t a c h m e n t  t o  t h e  OTV and s h o u l d  b e  c o m p a t i b l e  w i t h  

r;pi;ce = , h i t t t l ~  p a y l o a d  a t t a c h m e n t s .  

P r o p e l l a n t  t a n k s :  The s p h e r i c a l  f i r e l  t a n k  and  

elliptical oxidizer t a n k  are of a p p r o x i m a t e l y  the s a m e  

r a d i u s  ( F i g u r e  101. The r a t i o  cjf t h e  o x i d i z e r  t a n k ' s  s e m i -  

rr;ajor a > : i s  t u  c,rmi-minur a x i s  is 2:l -- t h i 5  r a t i o  w a s  

c h o s e n  because i t  r e q u i r e s  t h f  l o w e s t  w e i g h t  f o r  a n  

e l l i p t i c a l  f u e l  t a n k .  T h i s  s p h e r i c a l / e l f i p t i c a l  t a n k  

cof ib ina t ian  moves the c e n t e r  of g r a v i t y  f o r  t h e  v e h i c l e  

+m-ward, makes o p t i m a l  use a+ the a v a i l e t b l e  volume,  ar;d 

l a w e t - 5  t h e  overall  w e i g h t  of: t h e  OTV s t r u c t u r e .  S i n c e  t h e  

r a d i i  of t h e  t w o  t ankc ,  are a p p r o x i m a t e l y  e q u a l ,  t h e r e  is n o  
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d c + - i ~ : ~  tne  vehicle's acceleration and t h e  internal p r e s s u r e  

. ,  .- $-. ::- . - rl...w;: . . .- - 3. n u m e r i c a l  integration pt-~ce.;~. i n  which t h e  i n s t a n -  

p . i ~ r - t i r - e  IV'J-ES u s e d  t o  a t t a i n  the wall t h i c k i l e s r ,  of  t h e  tankc, .  

L t i ~  t a n k  tias a 7.185 f t  r a d i u s  and a volume of  TilE 

Z,f;52.& + + 3  and is c o n s t r u c t e d  of Aluminum 2219 T-€37, a n  

p r - z p e r t i e s  at cryugerric t e m p e r a t u r e s  and is tisclr in the 

Space S h u t t l e  e x t e r n a l  tank. Sone of t h e  p r o p e r t i e s  of t h i s  

a'rTay are l i 5 t e d  below 117:2983: 

The t e m p e r a t u r e  of the s t o r e d  LH2 is -423.7OF. ? h e  tank is 

designed fur a maximum p r e s s u r e  of  38 p s i  -- 34 p s i  is d u e  

t c t  i n t e r n a l  propellant p r e s s u r e  and  4 p s i  is caused by 
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i r e r t i a i  +GT.CE?. c? design f a c t o r  of  s a f e t y  of  1.5 w a 5   sed 

i n  ~ a l c u l a . t i n g  wail t h i c k n e s s .  The t h i c k n e s s  w a s  d e t e r m i n e d  

b f  i n ,  i-t=inq a c o n s e r v a t i v e  y i e l d  s t r e r r q t h  of 

S7,OOG p s i  (17:298). T h e  mass G+ the LHz t a n k  w a s  

c a ? c c t i a ' r ~ d  t o  be 342.84 lbm baE..ed on t h e  g i v e n  r a d i u s  and 

wa'l 'i f'. -!!lrkae5c.. . 

- :he L Z x  t a r i t :  is. c o m p o ~ , e d  of  the 5amE a?umirrum a l l o y  a=. 

t h ~  LS2 tank. The t a n k  h a 5  a s e m i - m a j a r  a x i s  of 77.80 i n  

and a semi-minor axit, of 35.90 i n .  The e c c e n t r i c i t y  is 

C.366, and tar:!:: vrrlt!me is 572. 1 f t " .  The d e s i g n  p r e s s u r e  

NSE. 46.5 p s i ,  H i t h  23 p s i  d e r i v e d  f rom t h e  i n t e r n a l  p r e s s u r e  

afrd the r e m a i n d e r  f r o m  t h e  i n e r t i a l  f o r c e .  T a n k  t h i c k n e s s  

w a s  determined t u  be 0.0345 i n ,  b a s e d  on a maximum stress 

a c c c t r r i n g  a t  the t a n k  bot tom.  T o t a l  t a n k  m a s s  w a 5  444.21 

I 5 m  based on g i v e n  d i m e n s i o n s  and w a l l  t h i c k n e s s  and  u s i n g  

L C  ;,IE cc:r-face area e q u a t i o n  f a r  a n  "cblate s p h e r o i d "  ( a n  

el I i 95.2 r o t a t e d  a b o u t  i ts  s e m i  - m i  n o r  axi SI . T e m p e r a t u r e  ot: 

the LEX ic, -297°F. 

Both the p r o p e l l a n t  t a n k s  r n i r r s t  b e  i n s u l a t e d  t o  a v o i d  

e x c e s s i v e  t h e r m a l  c o n d u c t i v i t y .  A total  t h i c k n e s s  of  0.75 

i n c h e s  of m u l t i - l a y e r ,  d o u b l e - a l u m i n i z e d  Mylar  is u s e d  f o r  

?his p ~ : r p o ~ ; e .  A w e i g h t  of  a p p r o x i m a t e l y  140 l b s  w a 5  

d e t e r m i n e d  f o r  t h e  i n s u l a t i a n .  E s t i m a t e d  b a i l - o f f  rates cif 

0.7% per w s e k  of s t o r a g e  made t h e  c a l c u l a t i o n  o f  b o i l - o f f  

u n n e c e s s a r y  d u e  t o  t h e  s h o r t  d u r a t i o n  o+ CITV m i s s i o n s  

(13: 498). 

The p r e s s u r i z a t i o n  t a n k  c o n t a i n i n g  t h e  p r e s s u r i z i n g  gas 

24 
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f a r c e s  t h a t  w i l l  act nz t h e  OTV t o  the rest ctf t h e  

striirttire. The mctdule is carnpased of A1umir:um 7075 T b ,  

c-Jhirh has t h e  high  y i e l d  s t r e n g t h  needed .  FI mass es t ima te  

wa5 nut made S a r  t h i s  module  s e p a r a t e l y  b u t  w a s  i n c l u d e d  ac, 

p a r t  a f  ttie o v e r a l l  m a s s  estimate of  t h e  structure. 
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V e h i c l e  f u s e l a s e :  The p r o p e l l a n t  t a n k s  and t h e  

p r e s s u r i z a t i o n  t a n k  are e n c a s e d  i n  a p r o t e c t i v e  s t r u c t u r e ,  

w h i c h  a t t a c h e s  t o  t h e  p a y l o a d  d o c k i n g  mechanism a t  t h e  

f o r w a r d  end  and t h e  a v i o n i c s  module at t h e  a f t  end  (see 

F i g u r e 5  10, 11, 12). T h i s  h o u s i n g ,  or " f u s e l a g e " ,  is a 

s e m i  -monocoque s t r u c t u r e  composed of 41 umi num 7075 T b ,  whi c h  

h a s  t h e  f o l l o w i n g  p h y s i c a l  charac te r i s t ics :  

* d e n s i t y  = - 1  l bm/ in3  
* t e n s i l e  s t r e n g t h  of 83,QC)0 p s i  ( a t  r o o m  temp.) 
* y i e l d  s t r e n g t h  of  73,000 p 5 i  ( a t  r o o m  temp.)  

T h e  f u s e l a g e  h a s  a c o n s t a n t  r a d i u s  of  7 .4  f t  and  a l e n g t h  of  

21 f t -  T h i s  f u s e l a g e  c o n s i s t s  of a t h i n ,  c y l i n d r i c a l l y -  

s h a p e d  s t r e s s e d - s k i n  s u p p o r t e d  by l o n g i t u d i n a l  s t i f f e n e r s  

and r a d i a l  r i n g s .  The s t i f f e n e r s  i n c r e a s e  t h e  b u c k l i n g  

s t r e n g t h  of  t h e  v e s s e l  and ac t  as  t h i n  co lumns  w i t h  a l e n g t h  

e q u a l  t o  t h e  s p a c i n g  o f  t h e  r i n g s .  The r i n g s  and  s t i f f e n e r s  

t h e r e + o r e  e f + e c t i v e l y  b r e a k  up t h e  s k i n  i n t o  s m a l l  , c u r v e d  

p a n e l s .  

The main l o a d s  t r a n s m i t t e d  t o  t h e  f u s e l a g e  are t h e  

c o m p r e s s i v e  f o r c e s  which o c c u r  d u r i n g  l a u n c h  and  a e r o b r a k i n g  

maneuvers  and t h e  p o s s i b l e  b e n d i n g  moments which may o c c u r  

d u r i n g  t h e  a e r o b r a k e  p r o c e d u r e .  The i n e r t i a l  l o a d s  f rom t h e  

t a n k  are t r a n s m i t t e d  t o  t h e  f u s e l a g e  t h r o u g h  t h e  s u p p o r t  

r i n g s .  

To min imize  t h e  t h e r m a l  c o n d u c t i v i t y  of  t h e  c o n n e c t i o n s  

be tween t h e  f u s e l a g e  and p r o p e l l a n t  t a n k s ,  c o m p o s i t e  

mater ia ls  are employed. Baske t - shaped ,  f i b ~ r g l a s s  t a n k  

s u p p o r t s  c o n n e c t  t o  t h e  f u s e l a g e  r a d i a l  r i n g s  by means of  
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See-sn-aluminum m e t a l - m a t r i x  compec , i te  t;.\b;;Iar- struts. A 

na..s=. rE;dt-:.ctior; cf 44:i i E. a n t i r i p a - t e d  b y  c!sing t h e  camp~35i tg 

--). y L<LL 8 -c E rather- tharr p u r e  altrminL;r;i struts <L$:S4) I 

2 detai  I ed r t r ~ s s  a n a l  y s i  5. crf the fusel aqe and  i ntrrnal 

=*-. -i: L 5 L L L ~ r - ~  *.-.Lt war bey~.?r:d the s c a p e  a+ t k i i ~ .  p r o j e c t  and is ? e f t  

+a- fi-;t:_;re ~ _ t ~ : d y =  A n  e s t i m a t e d  m a s s  f o r  t h e  f u s e l a g e  of 

between 2:s .sr!.2 1 ~CI)( ; :  1 b m  i 5 tbfcct-tght to tje consprvat i VF. 

& z r ~ S r a k ; e :  ---- T h e  aerobrake of t h e  OTV is a 70 deg 

.zo;tics.l lift-rig brake  of ~ a d i t ; ~  59-2 ft. ft C Q T I C , ~ E . ~ ~ .  Q+ 

- .  . .  
T L . ~ ' F  m a j ~ -  z.;ectiri~:=: t h e  sur-face f a b r i c ,  t h e  r i b b e d  beams 

-. =L..pgi3r-tirig c t h i s  fabric, t h e  i n s u l a t i o n  be tween  t h e  fabric 

and 5.t-i.pport Dealiir,, t h e  columns s u p p o r t i n g  t h e  r i b b e d  beams,  

and t h e  rtrcrctiire s u p p o r t i n g  t h e  entire a p p a r a t u s .  ?he 

5iirfa.ce f a b r i c  is a r e f l e c t i v e  f a b r i c  composed of  silica and  

N e x t a l  w h i c h  are i r t t e rwoven  iata a fiber c i o t h  h a v i n g  a 

?hi cj:.i>ess of appro:.: i m a t e 1  y 0. iI)(:)?S i n  

E i g h t e e n  sets. CIS g r a p h i t e  p c l y i m i d e  r i b b e d  beams act as 

s : - i .ppsrts  +or the f a b r i c .  G r a p h i t e  p o l y i n i d e  w a s  c h o s e n  a5 a 

material due tc. its low m a s s ,  and ability to maintain its 

p r o p e r t i e s  a t  high t e m p e r a t u r e s  of up t o  62CFF. 

To i n s ~ t l a t e  t h e  r i b b e d  beam f rom p a t e n t i a l l y  h i g h  s k i n  

t e m p e r  atctr-er,, a n  i n s u l  a t  i ng 1 a y e r  c4 cerami c ti  1 ec, 

c o m p a r a b l e  to thcsse  USE^ on the S p a c e  S h u t t l e ' s  e x t e r i o r ,  is 

emplcyed an t h e  r i b b e d  beams. 

The r i b b e d  b e a m s  are s u p p o r t e d  by columns, a150 

cznctructed crf graphite p o l y i m i d e ,  w h i c h  are then c o n n e c t e d  

to t h e  c e n t r a l  s u p p o r t i n g  s t r u c t c t r e  of: t h e  a e r o b r a k e  
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( 2(:1 : 29r:, ) I 

The c e n t r a l  s t r c r c t u r e  c o n n e c t s  t o  t h e  OTV on  a mounting 

h i n g e  l o c a t e d  on t h e  p r o p u l s i o n  module. T h i s  h i n g e  mount 

a l l o w s  t h e  a e r o b r a k e  t o  b e  r o t a t e d  w i t h  r e s p e c t  t o  t h e  OTV 

l o n g i t u d i n a l  axis  f o r  aerodynamic  c o n t r o l  d u r i n g  t h e  

a e r o b r a k i  ng p- ocess. 

The a e r o b r a k e  h a s  a 68 i n  d i a m e t e r  a p e r t u r e  a t  its 

v e r t e x  which a l l o w s  f o r  o p e r a t i o n  of t h e  e x t e n d a b l e  r o c k e t  

n o z z l e .  T h i s  o p e n i n g  must b e  c o v e r e d  d u r i n g  t h e  a e r o b r a k i n g  

p r o c e s s  and  i 5  a v e r y  c r i t i c a l  area of t h e  a e r o b r a k e  s i n c e  

t h e  a e r o b r a k e  s t a g n a t i o n  p o i n t  is c e n t e r e d  a t  t h i s  area. 

One d e s i g n  t o  be u s e d  for t h i s  p u r p o s e  is a ca rbon-ca rbon  

c o m p o s i t e  s h i e l d  which w i l l  b e  r e m o t e l y  s e c u r e d  i n  p l a c e  

p r i o r  t o  t h e  a e r o b r a k i n g  p r o c e d u r e .  Carbon-carbon c o m p o s i t e  

is u t i l i z e d  b e c a u s e  of its e x t r e m e l y  h i g h  h e a t  r e s i s t a n c e .  

The e n t i r e  a e r o b r a k e  s t r u c t u r e  is e s t i m a t e d  t o  weigh 

2300 I b s .  T h i s  f i g u r e  c a m e  f rom e s t i m a t e s  t a k e n  f r o m  

s e v e r a l  t e c h n i c a l  p a p e r s  on a e r o b r a k e  s t r u c t u r e .  N o  

r e u s a b l e  a e r o b r a k e  mechanism has e v e r y  been  f lown;  

t h e r e f o r e ,  a l l  d e s i g n  p a r a m e t e r s  are b a s e d  on e x p e r i m e n t a l  

d a t a .  F u r t h e r  s t u d i e s  i n c l u d i n g  f l i g h t  test are r e q u i r e d  

b e f o r e  a n  o p e r a t i o n a l  d e s i g n  c a n  be f i n a l i z e d .  
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COST ESTIMATE 

Ttte estimations of the research and development costs 

and per unit costs for DARVES are given below based on a 

fleet s i z e  of ten unitr;. The per unit cost includes the 

cost required for the Shuttle to carry the payload and fuel 

to the space station for the OTV to then retrieve (21:4): 

C z s t  Estimate for OTV: 
(in millions of 1986 dollars) 

Shuttle flight to transfer fuel and payload------------- 100 
Tutal Cost Estimate for Research and Development-------- 655 

58 Total Cost Estimate P e r  Unit---------------------------- 

Aerobrake: 

Structure : 

Propul si on: 

Propel1 2 
Storage: 

evionics: 

29 
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TIME ESTIMCITE 

The time required for final research, construction, and 

testing of the OTV ha5 been estimated and is given in 

Table 2. This estimate is based on the first OTV becoming 

operational in mid-1995. With research and development 

beginning in early 198E and testing beginning in 1?93, a 

projected time line was constructed to have the first 

operational OTV completed by the target date. 
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SUMMARY 

The O r b i t a l  T r a n s f e r  V e h i c l e  m a r k s  t h e  b e g i n n i n g  of  t h e  

e x t e n s i o n  of  m a n ' s  c a p a b i l i t y  p a s t  l o w  e a r t h  o r b i t  t o  

g e o s y n c h r o n o u s  e a r t h  o r b i t  and  beyond. The CITV a l lows for 

t h e  b e n e f i t s  of t h e  S p a c e  S h u t t l e  and  its d e r i v a t i v e s  t o  be 

f u l l y  e x p l o i t e d  a n d  f o r  deve lopmen t  of t h e  American space 

o p e r a t i o n s  p o t e n t i a l  t o  its f u l l e s t .  With t h e  d i r e c t  

b e n e f i t s  of  t h e  OTV d l 5 0  comes a d v a n c e s  i n  t h e  t e c h n o l o g y  of 

a e r o b r a k e  d e s i g n ,  c r y o g e n i c  f u e l  s t o r a g e ,  a n d  o f  o t h e r  

areas. The d e s i g n  and d e v e l a p m e n t  of  t h e  OTV is c u r r e n t l y  

underway b y  NFISFI a n d  s h o u l d  b e  a p r i n c i p a l  f o c u s  of s t u d y  i n  

t h e  d e c a d e  t o  c o m e .  
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16000 0 
0 18000 

10000 7000 
7000 10000 
12000 5000 
5000 12000 

65373 
113109 
04287 
91718 
79332 
96673 

46692 
47366 
47304 
46891 
47578 
46617 

16000 0 
All -Prop : 
Asrobraked: 

0 18000 
A1 1 -Prop : 
Aerobraked : 

34934 
27561 

47459 
21513 

19193 
15143 

26075 
11820 

6587 
3988 

23182 
14033 

4658 
- -  

15393 
- -  

Table I: Comparison of All-Propulsive versus AeroSraked Fuel 
Requirements for Possible Missions 
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Table 2: Time Line For Initial OTV Production 
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